Objective: The aim was to investigate the possible interactions of the two peripheral hormones, leptin and ghrelin, that regulate the energy balance in opposite directions. Methods: Leptin-receptor mutated Zucker diabetic fatty (ZDF) and lean control rats were treated with the ghrelin-receptor ligand, tabimorelin (50 mg/kg p.o.) for 18 days, and the effects on body weight, food intake and body composition were investigated. The level of expression of anabolic and catabolic neuropeptides and their receptors in the hypothalamic area were analysed by in situ hybridization. Results: Tabimorelin treatment induced hyperphagia and adiposity (increased total fat mass and gain in body weight) in lean control rats, while these parameters were not increased in ZDF rats. Treatment with tabimorelin of lean control rats increased hypothalamic mRNA expression of the anabolic neuropeptide Y (NPY) mRNA and decreased hypothalamic expression of the catabolic peptide proopiomelanocortin (POMC) mRNA. In ZDF rats, the expression of POMC mRNA was not affected by treatment with tabimorelin, whereas NPY mRNA expression was increased in the hypothalamic arcuate nucleus. Conclusion: This shows that tabimorelin-induced adiposity and hyperphagia in lean control rats are correlated with increased hypothalamic NPY mRNA and decreased POMC mRNA expression. The elimination of tabimorelin-induced adiposity and hyperphagia in ZDF rats may be due to lack of POMC mRNA downregulation. In conclusion, we suggest that ghrelin-receptor ligands exert their adipogenic and orexigenic effects via hypothalamic mechanisms that are dependent on intact leptin-receptor signalling.
Introduction
Ghrelin, a recently identified gastric hormone, is the endogenous ligand for the growth hormone secretagogue receptor (GHS-R) (1), now also known as the ghrelin receptor. It is well established that both ghrelin and synthetic ghrelin-receptor ligands increase food intake and change the energy balance, including a reduction in fat utilization that results in increased body weight and adiposity in animals (2 -7). Upon fasting in rats, ghrelin mRNA is upregulated in the ghrelinproducing oxyntic glands of the stomach, and the plasma ghrelin level is elevated (8) .
The ghrelin-receptor mRNA is expressed in the pituitary gland and in several areas of the brain (9, 10) . In the hypothalamus, the ghrelin-receptor mRNA is expressed in neuropeptide Y (NPY)/agouti-related protein (AGRP)-, leptin-receptor-and growth hormone-releasing hormone (GHRH)-containing neurons (9, 11 -14) . Systemic administration of ghrelin or ghrelin-receptor ligands induces expression of the immediate-early gene c-Fos in many of these arcuate neurons (12, 15, 16) . The central effects of ghrelin may in part be mediated via NPY neurons in the arcuate nucleus, as NPY mRNA and AGRP mRNA expression in these neurons is increased after administration of ghrelin icv (5, 17, 18) , and pre-treatment with antibodies and antagonists of NPY and AGRP abolishes ghrelin-induced feeding (5) .
In contrast to ghrelin, administration of leptin inhibits appetite and adiposity, and augments energy expenditure (19, 20) . Ghrelin-induced food intake is suppressed when ghrelin and leptin are co-injected icv (5) . Likewise, leptin-induced inhibition of food intake can be reversed by ghrelin (17) . The level of leptin in the circulation correlates with the degree of adiposity, and, at least in rodents, leptin has been shown to function as a peripheral signal in a negative feedback loop to hypothalamic nuclei involved in the regulation of energy balance (21, 22) . The plasma leptin level reflects the state of the energy balance; that is, fasting decreases plasma leptin while overfeeding increases it (23) . These opposing effects of leptin and ghrelin on appetite and adiposity are thought to involve arcuate neurons. Leptin inhibits NPY/AGRP-and activates pro-opiomelanocortin (POMC)-containing neurons in the arcuate nucleus (20) , and leptin-induced reduction of hypothalamic NPY mRNA is abolished by co-injection of ghrelin (17) .
In the present study, we have investigated the possible interactions of the two peripheral hormones, leptin and ghrelin, that regulate the energy balance in opposite directions. Leptin-receptor mutated Zucker diabetic fatty (ZDF) and lean control rats were treated with the ghrelin-receptor ligand, tabimorelin (NNC 26-703) (7) , and the effects on body weight, food intake and body composition were investigated. Finally, the metabolic effects were correlated to changes induced in the hypothalamic pathways, as reflected by the level of expression of anabolic and catabolic hypothalamic neuropeptides and receptors.
Materials and methods

Animals and tissue
Obese male ZDF (fa/fa), and lean male control rats (fa/þ ) were obtained from Genetic Models, Inc (Indianopolis, USA). The rats arrived at 12 weeks of age, and were housed under standardized environmental conditions (18-22 8C; a 12-h light/dark cycle, lights on at 0600 h; and two rats in each cage). The rats were given free access to water and a diet of Purina 5008 chow (PMI, Nutrition International, Richmond, IN, USA).
The rats were randomly assigned to four experimental groups (vehicle and tabimorelin) according to body weight, n ¼ 11 -12 in each group. From 13 weeks of age and the following 18 days, the rats were treated daily p.o. with tabimorelin (50 mg/kg) or vehicle (saline), and body weight (n ¼ 11 -12 in each group) and food intake (per cage) were measured (n ¼ 5-6 in each group).
The rats were killed at day 18. Blood was collected under isoflurane anaesthesia by cardiac puncture. Samples were taken in standard K 3 EDTA glass tubes (Vacutainer, VWR International, Albertslund, Denmark), and plasma was isolated. The rats (n ¼ 5 in each group) were decapitated, and the brains were quickly removed, frozen in 2-methylbutane and kept at 2 80 8C until use. Coronal sections of 14 mm through the hypothalamic area were cut with a Jung CM3000 cryostat (Leica, Glostrup, Denmark), collected on SuperFrost/Plus slides (Menzel-Gläser, Braunschweig, Germany) and stored at 2 80 8C until further processing. The care and use of laboratory animals was according to an animal licence complying with federal regulations for use of animals in research (the Danish Committee for Animal Research). The study design is illustrated in Fig. 1 .
For anatomical orientation, every fifteenth slide was counterstained with haematoxylin and eosin (HE). Sections through the paraventricular nucleus (PVN), and the middle and the caudal part of the arcuate nucleus were selected. These sections were located at a distance of approximately 2 1.80, 2 3.00 and 2 3.70 mm from Bregma, according to the rat brain atlas of Paxinos and Watson (24).
Dual energy X-ray absorptiometry (DEXA)
At day 14, the body composition was determined by DEXA (pDEXA Sabre, Stratec Medizintechnic; Norland Medical Systems, Phörzheim, Germany) in rats fasted Figure 1 Study design. Lean control rats and ZDF rats were treated daily with tabimorelin or vehicle for 18 days. Food intake and body weight were measured daily from day 0 to day 11. Body composition was determined by dual energy X-ray absorptiometry (DEXA) at day 14. Rats were killed at day 18, plasma was collected for leptin analysis and brains were collected for in situ hybridization.
for 18 h. The rats were anaesthesized with a combination of Hypnorm and Dormicum (both diluted 1:1 in distilled water, mixed 1:1 and administered 2 ml/kg i.p.) (Hypnmorm, Janssen Animal Health, Belgium; Dormicum, Roche, Switzerland). The instrument settings used were as follows: a scan speed of 40 mm/s, a resolution of 1.0 £ 1.0 mm, and automatic/ manual histogram width estimation (n ¼ 11 -12 in each group).
Plasma leptin
Plasma leptin was measured at day 18 with a commercially available mouse leptin enzyme-linked immunosorbent assay kit (Crystal Chemical, Chicago, IL, USA), showing over 95% cross-reactivity to rat leptin.
Plasmid preparation
Rat NPY, POMC, AGRP, MC3-R, MC4-R, and ghrelinreceptor cDNA fragments were generated by RT-PCR, and each of these was subcloned into the pCR-Script SK(þ ) cloning vector, which was subsequently transformed into Epicurian Coli XL1-Blue MRF'Kan cells (Stratagene, La Jolla, CA, USA).
NPY The rat NPY cDNA fragment (bp 75-422, Gen-EMBL no. m20373) was generated by RT-PCR, using the primers 5 0 -AGG TAA CAA ACG AAT GGG and 5 0 -GAT GAG ATG AGA TGT GGG. The plasmid was linearized with NotI or BamHI for transcription with T7 (antisense probe) or T3 (sense probe) RNA polymerase respectively.
POMC The rat POMC cDNA fragment (bp 162-626, GenEMBL No. j00759) was generated by RT-PCR with the primers 5 0 -CCT TGA CTG AAA ATC CCC and 5 0 -TTC TTG AAG AGC GTC ACC. The plasmid was linearized with SacI and BamHI for transcription with T7 (sense probe) and T3 (antisense probe) RNA polymerase respectively.
Ghrelin-receptor
The rat GHS-R 1A fragment (bp 236-3125, excluding the intron at bp 791-2824) was generated with the primers 5 0 -GGC CGC GGC TCT ACC TGT CCA GCA TGG C and 5 0 -GTT GAT GCT CGA CTT TGT CC. The plasmids containing the ghrelinreceptor fragments were linearized with SacI for transcription with T7 (antisense probe) and BamHI for transcription with T3 (antisense probe) RNA polymerase.
AGRP The rat AGRP cDNA fragment (bp 546-803, GenEMBL no. AF206017) was generated by RT-PCR with the primers 5 0 -ATG CTG ACT GCA ATG TTG CTG AGT and 5 0 -ATT GAA GAA GCG GCA GTA GCA CGT. The plasmid was linearized with NotI and EcoR1 for transcription with T7 (sense probe) and T3 (antisense probe) RNA polymerase respectively.
MC3-R
The rat MC3-R cDNA fragment (bp 458-888, GenEMBL no. x70667) was generated by RT-PCR with the primers 5 0 -TGG AAA ACA TCC TGG TGA TCC TGG and 5 0 -AAG AAC ATG GTG ATG AGG CAC ACG. The plasmid was linearized with BamHI for transcription with T3 (antisense probe) and NotI for transcription with T7 (sense probe) polymerase.
MC4-R The rat MC4-R cDNA fragment (bp 441-918, GenEMBL no. u67863) was generated by RT-PCR with the primers 5 0 -GTC AGA AAC CAT CGT CAT CAC CC and 5 0 -GCA GAC AAC AAA CAC TCC AAT CAG. The plasmid was linearized with BamHI and NotI for transcription with T3 (antisense probe) and T7 (sense probe) RNA polymerase respectively.
Probe preparation
For the synthesis of radiolabelled probes, linearized plasmids were transcribed in 40 mM Tris, pH 7.5; 6 mM NaCl 2 ; 2 mM spermidine; 10 mM NaCl; 10 mM DTT; 1.6 U/ml RNAsin; 0.5 mM each of CTP, ATP and GTP; 1.6 pmol/ml linearized plasmid; 1.6 U/ml RNA polymerase (Promega, Madison, WI, USA); and 4 mCi/ml [ 35 S-]UTPaS (SJ1303 (Amersham)). The mixture was incubated for 2 h at 37 8C, and the DNA template was digested with 40 ng/ml DNAse (Promega). Next, 0.8 mg/ml yeast t-RNA was added, and after 15 min at 37 8C, the probe was extracted with phenol and chloroform/isoamylalcohol and precipitated with ethanol. Finally, the RNA probes were hydrolysed in 100 mM bicarbonate buffer (pH 10.2) to obtain an average length of 100 nucleotides, neutralized, precipitated again and solubilized in 50% 10 mM DTT and 50% deionized formamide. The activity was then counted in a Packard Tricarb 4530.
In situ hybridization with 35 
S-labelled probes
The brain sections were subjected to in situ hybridization (n ¼ 5 in each group). The specific activity of the probe was 500 000 c.p.m./ml in the final hybridization mixture. The sections were washed in 50% formamide, 1x SALTS (300 mM NaCl, 10 mM Tris (pH 6.8), 10 mM NaPO 4 , 5 mM EDTA, 0.02% Ficoll 400, 0.02% polyvinylpyrolidone and 0.02% BSA) and 10 mM DTT for 1 h at 57 8C followed by 1 h at 62 8C (NPY, POMC, AGRP, MC3-R and MC4-R probes) or 1 h at 62 8C followed by 1 h at 67 8C (ghrelin-receptor probe). After RNAse A treatment (20 mg/ml RNase A (Boehringer Mannheim, Mannheim, Germany) in 0.5 M NaCl, 10 mM Tris -Cl (pH 7.2), 1 mM EDTA) at 37 8C for 30 min, the sections were washed for 30 min in 0.1 £ SSC (1 £ SSC contains 150 mM NaCl and 15 mM with 1 mM DTT at room temperature).
After hybridization, sections were exposed on BetaMax film (Amersham). Sections hybridized with the NPY, POMC and AGRP probes were exposed for 3 days, sections hybridized with the ghrelin-receptor probe for 2 weeks and sections hybridized with the MC3-R and MC4-R probes for 5 weeks.
Image analysis
The hybridization signals in the brain sections were determined from the autoradiographic films. Images were scanned and analysed using the NIH-Image software (Scion Image) by an observer blinded to the treatment/genetic background of individual animals. The arcuate nucleus, ventromedial hypothalamus (VMH) and PVN of the hypothalamus were identified in different sections, and the relative optical density within the selected areas was measured. The background was subtracted by measuring the relative optical density within an area of the brain section without signal.
Statistics
Results are shown as means^S.E.M. Statistical analysis was done by two-tailed, unpaired Student's t-test, and differences between groups were considered significant at P , 0.05.
Results
Effects of tabimorelin on body weight and food intake in lean control rats are diminished in ZDF rats
The effects of 11 days p.o. treatment with tabimorelin (50 mg/kg) on body weight and food intake were measured in male leptin-receptor mutated ZDF and lean control rats 13-16 weeks old. During the 11 days' treatment, all groups gained body weight ( Fig. 2A) . The gain in body weight after 11 days' tabimorelin treatment was significantly increased only in lean control rats compared with vehicle (from 298.7^2.2 g to 348.0^2.4 g at day 11 in tabimorelin-treated rats compared with 300.8^2.9 g to 338.4 g in vehicle-treated rats. The gain in body weight was 49.3 þ 1.6 g vs 37.6 þ 1.5 g; P , 0.01). The gain in body weight was not significantly increased in ZDF rats (from 335.3^4.6 g to 362.3^6 g compared with 333.4^5.2 g to 354.7^6.2. The gain in body weight was 26.1^3.2 g vs 21.3^2.1 g; NS).
Total food consumption was significantly increased in lean control rats after 11 days' treatment with tabimorelin compared with vehicle (554.4^4.5 g vs 500.2^6.1 g; P , 0.05), but was not changed after tabimorelin treatment in ZDF rats (731.8^17.1 g vs 736.8^17.0 g; NS) (Fig. 2B) .
Effects of tabimorelin on body composition in lean control rats, but not ZDF rats Body composition (total body fat, and lean and bone mass) was measured by in vivo DEXA (Fig. 3A) . In lean control rats, administration of tabimorelin for 14 days compared with vehicle increased the percentage of total body fat (10.1^0.4% vs 7.9^0.5%; P , 0.05) and decreased lean mass (87.1^0.5% vs 89.2^0.6%; P , 0.05), but did not have any effect on bone mass (2.6^0.0% vs 2.6^0.0%; NS). In ZDF rats, treatment with tabimorelin for 14 days did not affect percentage of total body fat (32.8^0.9% vs 31.3^1.2%; NS), lean mass (66.0^1.2% vs 66.0^1.2%; NS) or bone mass (2.3^0.03% vs 2.3^0.0%; NS).
Tabimorelin increases leptin level in lean control rats, but not in ZDF rats
Treatment with tabimorelin for 18 days increased plasma leptin level in lean control rats compared with vehicle (2.08^0.31 ng/ml vs 0.85^0.14 ng/ml; P , 0.01). No effect on the plasma leptin level was observed after tabimorelin treatment in ZDF rats compared with ZDF rats treated with vehicle (25.061 .78 ng/ml vs 26.10^2.62 ng/ml; NS) (Fig. 3B) .
Tabimorelin increases NPY mRNA expression level in ZDF rats and lean control rats NPY mRNA was detected by in situ hybridization of coronal sections from the hypothalamus. Two different levels through the middle and caudal part of the arcuate nucleus were analysed (n ¼ 5). In both sections, the strongest expression was seen in the arcuate nucleus and in the latter also in the dorsomedial hypothalamus (DMH) (Fig. 4) . The expression in the lean control rats treated with vehicle was set to 100%. 
Tabimorelin decreases POMC mRNA expression level in lean control rats, but not in ZDF rats
The expression of POMC mRNA was exclusively detected in the middle part of the arcuate nucleus. POMC mRNA expression was significantly reduced after tabimorelin treatment in lean control rats (74.8^1.7% vs 100.0^6.3%; P , 0.05), but was not affected by tabimorelin treatment in ZDF rats (49.8^4.5% vs 47.7^4.0%; NS) (Fig. 5 ).
Increased expression of ghrelin-receptor mRNA in lean control rats, but not in ZDF rats In the hypothalamus, the expression of MC3-R mRNA was observed in VMH and in the arcuate nucleus (Fig.  7) , while the expression of MC4-R mRNA was detected in PVN. The expression of the MC3-R mRNA in VMH was not affected by tabimorelin treatment in lean control (113.2^6.3% vs 100.0^5.6%; NS) or ZDF rats (133.1^4.0% vs 124.6^7.3%; NS), and no change was detected in the arcuate nucleus in lean control rats (116.0^5.6% vs 100.0^6.5%; NS) or ZDF rats (95.7^9.0% vs 101.6^8.9%; NS). Likewise, no differences in the expression of MC4-R mRNA in PVN in the 
Discussion
Treatment with the ghrelin-receptor ligand tabimorelin has an adipogenic (increased total fat mass and body weight) and an appetite-increasing effect in lean control rats. This is in contrast to the lack of effect of tabimorelin treatment on these parameters in ZDF rats. In accordance with the anabolic effects, tabimorelin treatment of lean control rats increased hypothalamic expression of mRNA for the anabolic neuropeptide NPY and decreased hypothalamic expression of mRNA for the catabolic peptide POMC. In ZDF rats, the expression of POMC mRNA was not affected by treatment with tabimorelin, whereas NPY mRNA expression was increased in the hypothalamic arcuate nucleus. In addition, the expression of ghrelin-receptor mRNA was increased in the arcuate nucleus in lean control rats, but not in ZDF rats, after tabimorelin treatment.
In this study, tabimorelin is shown to increase food intake and body weight, and induce obesity in lean control rats. This result is in accordance with previous studies demonstrating that ghrelin and ghrelin-receptor ligands increase food intake and change the energy balance, including a reduction in fat utilization, resulting in increased body weight and adiposity in rodents when administered either peripherally or centrally (2 -7, 25) .
ZDF rats have a mutation in the gene encoding the leptin receptor, resulting in abnormal energy balance characterized by hyperphagia, decreased energy expenditure and increased adiposity (26) . The ZDF rat is a well-established animal model, suitable for studies of interactions between ghrelin and leptin, since lean rats (fa/þ ) with intact leptin signalling can be used as a control group. Both vehicle-treated ZDF rats and lean control rats gained body weight during this study. However, tabimorelin treatment increased the body weight only in lean control rats compared with vehicle treatment. The trend to a transiently increased body weight seen in the ZDF rats is consistent with the previous finding of a transient increase in body weight until 7 days after administration of the ghrelin receptor agonist G7039 to ZDF rats (27) . In this context, it should be mentioned that the growth-promoting properties of ghrelin receptor agonists have been noted in both pups (28) and mature rats (29) , and is therefore not influenced by body weight per se. Furthermore, it is likely that the fat load of the ZDF rats does not prevent further fat deposition, because the fat percentage is much higher in, for example, the Zucker obese rat. This hypothesis could be tested by administration of a ghrelin receptor agonist to diet-induced obese rats without a leptin receptor defect, and with a fat load of approximately the same size as that of the ZDF rat.
Ghrelin-receptor ligand-induced adiposity seems to be GH-and NPY-independent, since the adipogenic effect has also been demonstrated in GH-deficient dwarf rats and in NPY-knockout mice (4, 6) . Other studies have focused on the opposite effects of ghrelin and leptin on food intake and induction of hypothalamic NPY mRNA (5, 17) . However, this clearly demonstrates that a ghrelin-receptor ligand does not induce adiposity or orexigenic effect in leptin-resistant ZDF rats.
Our findings of the hypothalamic expression patterns of NPY, POMC, ghrelin-receptor, AGRP, MC3-R and MC4-R mRNA agree with previously published results (9 -11, 30 -33) . NPY and POMC are expressed in adjacent, but distinct, subpopulations of arcuate nucleus neurons (14, 34) . Moreover; these NPY neurons co-express mRNA encoding AGRP (14) . The leptin receptor is expressed by both POMC and NPY/AGRP neurons in the arcuate nucleus, and both subpopulations of neurons are regulated by leptin, but in an opposing manner. Thus, NPY/AGRP neurons are inhibited and POMC neurons are activated by leptin (34, 35) .
The majority of ghrelin-receptor mRNA-expressing neurons co-express NPY, while only very few neurons co-express POMC (9) . The orexigenic action of ghrelin has been demonstrated to be due to activation of the NPY/AGRP hypothalamic pathway (5, 12, 15 -18) . This study demonstrates for the first time that the orexigenic properties of ghrelin-receptor ligands are associated with decreased hypothalamic POMC mRNA expression, and are not alone dependent on increased hypothalamic NPY mRNA expression. Our results indicate that the opposing signals from the peripheral hormones ghrelin and leptin converge in arcuate neurons. Ghrelin and ghrelin-receptor ligands stimulate the orexigenic NPY pathway and inhibit the anorexigenic POMC pathway, while leptin stimulates POMC and inhibits NPY pathways. Table 1 Summary of the effects of tabimorelin treatment compared to vehicle in lean control rats and ZDF rats. Effects of 18 days' tabimorelin treatment (50 mg/kg p.o.) compared to vehicle in lean control rats and ZDF rats on gain in body weight, cumulative food intake, total body fat, plasma leptin level and the expression of NPY, POMC and ghrelin-receptor mRNA in the hypothalamic arcuate nucleus.
Body weight Food intake Fat (%) Plasma leptin NPY mRNA POMC mRNA Ghrelin-receptor mRNA
In ZDF rats, tabimorelin treatment increased hypothalamic NPY mRNA expression but did not affect POMC mRNA expression. A similar pattern has been observed in obese fa/fa rats after fasting (36) . Downregulation of POMC mRNA seems to be an important mediator of the adipogenic effect of ghrelin and ghrelin-receptor ligands. Apparently, the observed upregulation of hypothalamic NPY mRNA alone after ghrelin-receptor ligand treatment cannot increase obesity or food intake further in obese hyperphagia ZDF rats.
Treatment with tabimorelin increased the expression of the ghrelin-receptor mRNA in the middle, but not in the caudal, part of the arcuate nucleus in lean control rats, while the expression of the ghrelin-receptor mRNA was not affected in ZDF rats after tabimorelin treatment. Therefore, lean control rats may become more sensitive to ghrelin and ghrelin-receptor ligand treatment than ZDF rats, and this may thus partly explain why tabimorelin treatment can induce obesity only in lean control rats, and not in ZDF rats. The expression of NPY mRNA was increased in the caudal part, but not in the middle part 1100 -1200 mm more anterior in the arcuate nucleus. It is therefore very unlikely that it is the same neurons that upregulate the ghrelin-receptor mRNA and NPY mRNA. Tschöp et al. did not find increased hypothalamic NPY mRNA expression in wild-type mice after 18 days' treatment with another ghrelin-receptor ligand, GHRP-2 (6). However, this conclusion was based on the analysis of RNA extracts of the whole hypothalamus, where differences between separate hypothalamic areas, such as the middle and caudal part of the arcuate nucleus, may be levelled out.
The expression of hypothalamic AGRP mRNA is not affected by tabimorelin treatment in either lean control rats or ZDF rats. NPY and AGRP mRNA have previously been demonstrated to be upregulated after ghrelin administration (18, 37 -39) , and co-expressed in neurons in the arcuate nucleus (14) . The expression levels of NPY and AGRP have been demonstrated to be regulated in parallel during fasting (14, 36) . Therefore, it may be unexpected that NPY and AGRP mRNA are not regulated similarly in this study. However, it has previously been reported that fa/fa rats after fasting only upregulate NPY mRNA, and not AGRP mRNA (36) . As mentioned above, Tschöp et al. did not detect increased hypothalamic NPY mRNA expression in wild-type mice after 18 days' GHS treatment, and they detected only a tendency toward increased hypothalamic AGRP mRNA expression (6) . A detailed analysis of the time-course effects of tabimorelin on hypothalamic AGRP mRNA is needed to clarify Figure 6 Ghrelin-receptor mRNA expression in lean control rats and ZDF rats after vehicle or tabimorelin treatment. In situ hybridization of ghrelin-receptor mRNA in coronal brain sections representing the middle part of the arcuate (Arc) and ventromedial hypothalamic (VMH) nuclei from lean control (A and B) and ZDF rats (C and D) treated with vehicle (A and C) or tabimorelin (50 mg/kg p.o.) for 18 days (B and D) respectively. Bars ¼ 1000 mm. (E) Quantitative image analysis of ghrelin-receptor mRNA expression in the Arc and dorsomedial part of VMH (dmVMH). The expression in the lean control rats treated with vehicle is set to 100%. Autoradiographic film was exposed for 14 days. Data are expressed as mean^S.E.M., n ¼ 5 in each group. *P , 0.05.
whether AGRP mRNA is changed at different time points in ZDF rats lacking functional leptin receptor. Taken together, our data indicate that NPY and AGRP are differentially regulated in leptin-receptor-deficient animals. The expression of the two melanocortin receptors, MC3-R mRNA and MC4-R mRNA, was not affected by tabimorelin treatment in either lean control rats or ZDF rats. This indicates that, despite the downregulation of POMC following tabimorelin treatment in control rats, the distal part of the melanocortin system is not directly implicated in the ghrelin and ghrelin-receptor ligand pathways.
In conclusion, our results suggest that the ghrelinreceptor ligand tabimorelin exerts its adipogenic and orexigenic effects via hypothalamic mechanisms that oppose hypothalamic leptin-receptor mediated signalling. It is well established that leptin reduces food intake by stimulation of POMC mRNA and inhibition of NPY mRNA expression (14, 34) . This study demonstrates that tabimorelin-induced adiposity and hyperphagia are correlated with increased hypothalamic NPY mRNA expression and decreased POMC mRNA expression, and that these effects are dependent on intact leptin-receptor signalling. 
